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Nutritional supplementation to tuberculosis (TB) patients has been associated with increased weight and reduced mortality, but
its effect on the pharmacokinetics of first-line anti-TB drugs is unknown. A cohort of 100 TB patients (58 men; median age, 35
[interquartile range {IQR}, 29 to 40] years, and median body mass index [BMI], 18.8 [17.3 to 19.9] kg/m2) were randomized to
receive nutritional supplementation during the intensive phase of TB treatment. Rifampin plasma concentrations were deter-
mined after 1 week and 2 months of treatment. The effects of nutritional supplementation, HIV, time on treatment, body weight,
and SLCO1B1 rs4149032 genotype were examined using a population pharmacokinetic model. The model adjusted for body size
via allometric scaling, accounted for clearance autoinduction, and detected an increase in bioavailability (�14%) for the patients
in the continuation phase. HIV coinfection in patients not receiving the supplementation was found to decrease bioavailability
by 21.8%, with a median maximum concentration of drug in serum (Cmax) and area under the concentration-time curve from 0
to 24 h (AUC0 –24) of 5.6 �g/ml and 28.6 �g · h/ml, respectively. HIV-coinfected patients on nutritional supplementation
achieved higher Cmax and AUC0 –24 values of 6.4 �g/ml and 31.6 �g · h/ml, respectively, and only 13.3% bioavailability reduction.
No effect of the SLCO1B1 rs4149032 genotype was observed. In conclusion, nutritional supplementation during the first 2
months of TB treatment reduces the decrease in rifampin exposure observed in HIV-coinfected patients but does not affect ex-
posure in HIV-uninfected patients. If confirmed in other studies, the use of defined nutritional supplementation in HIV-coin-
fected TB patients should be considered in TB control programs. (This study has the controlled trial registration number
ISRCTN 16552219.)

Tuberculosis (TB) is commonly associated with HIV and un-
dernutrition in resource-limited settings (1, 2). Worldwide, of

the 8.6 million people who developed TB in 2012, 13% of them
were HIV positive. Sub-Saharan Africa, including Tanzania, bears
the highest incidence of HIV (1, 3, 4). Although recent estimates
show that TB incidence is decreasing globally (4), the emergence
of drug-resistant strains of Mycobacterium tuberculosis is threat-
ening the global TB control effort. Methods to further improve
current TB treatment outcomes are warranted (5). The World
Health Organization (WHO) recommends the first-line anti-TB
regimen to consist of 6 months of daily rifampin and isoniazid,
supplemented with pyrazinamide plus ethambutol during the first
2 months (4). Drugs should be administered as fixed-dose com-
bination (FDC) tablets under the “directly observed treatment
short course” (DOTS) protocol, applying strategies to avoid un-
favorable treatment outcomes (4, 6). However, a recent meta-
analysis of clinical studies reported pharmacokinetic (PK) vari-
ability of just a single drug in the regimen to be associated with
treatment failure and acquired drug resistance (ADR) (7). The
pharmacokinetics of rifampin, the most effective anti-TB drug, is
highly variable and has in some studies been shown to be affected
by HIV and/or poor nutritional status (8, 9). TB patients in gen-
eral are at risk of nutritional deficiencies, especially in countries
with high burdens of TB, where the majority of patients are mod-
erately to severely wasted at the time of diagnosis (10, 11). Daily
micronutrient supplementation given together with TB treatment
considerably increases weight gain and reduces mortality during

treatment (12, 13) and is therefore considered an option for man-
aging malnourished TB patients (14). We investigated the role
of nutritional supplementation in rifampin pharmacokinetics
among pulmonary TB patients during the intensive phase of treat-
ment.

MATERIALS AND METHODS
Study design, participants, and setting. This study was an open-label,
randomized, controlled clinical trial conducted from September 2010 to
August 2011 in Mwanza, Tanzania, and was granted permission from the
National Ethics Committee in Tanzania. We assessed the effect of a nutri-
tional intervention (high-energy and vitamin/mineral-fortified biscuits)
on newly diagnosed sputum-smear-positive pulmonary TB patients with
or without HIV coinfection on rifampin exposure. Patients were tested for
TB and HIV at four TB clinics located in Mwanza City serving both urban
and suburban populations. Only sputum-smear-positive patients, re-
gardless of HIV status, were enrolled and requested to provide an extra
sputum sample in a sterile bottle for confirmatory smear microscopy and
culture at the Zonal TB reference laboratory at Bugando Medical Centre,
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Mwanza City. Patients were eligible if aged 15 years or above, and written
informed consent was obtained. We excluded all HIV patients receiving
antiretroviral treatment (ART), pregnant women, terminally sick patients
not likely to survive �48 h, and nonresidents of Mwanza City. TB treat-
ment was given as FDC tablets each containing isoniazid (75 mg), rifam-
pin (150 mg), pyrazinamide (400 mg), and ethambutol (275 mg) during
intensive phase, and for continuation phase, the combination contained
isoniazid (75 mg) and rifampin (150 mg) only. Patients with body weights
of �50 kg received 3 tablets, and those of �50 kg received 4 tablets daily.
TB treatment was initiated and performed within the framework of the
National Tuberculosis and Leprosy Control Program (NTLP) (6). Simple
randomization, stratified by HIV status, was computed using the website
www.randomization.com to allocate patients to receive high-energy and
vitamin/mineral-fortified biscuits as a nutritional supplement or no sup-
plements. The trial aimed at recruiting at least 100 individuals, with 50%
having HIV coinfection in each arm. With 50 patients in each group, we
would be able to detect an 0.65-standard-deviation (SD) difference in any
exposure with a 90% power.

Nutritional intervention. The nutritional supplement was in the
form of high-energy and vitamin/mineral-enriched biscuits produced by
Compact A/S (Bergen, Norway), identical to those used in the experimen-
tal arm of our previous study (15). All assigned participants received daily
5 high-energy biscuit bars that contained approximately 1,000 kcal and
additional vitamins and minerals, including zinc and selenium (for fur-
ther details on content, see reference 15). The supplements were given
during the first 2 months of TB treatment, and the intake was monitored
by the patient treatment supporter using a specifically designed logbook
verified by the study team.

Data collection and laboratory procedures. Study nurses used a stan-
dardized questionnaire to collect information on social demographic
characteristics, smoking habits, and alcohol consumption. Anthropomet-
ric measurements were obtained at recruitment (day 0) and at the end of
the intensive phase. Weight was determined using a digital weighing scale,
while height was determined using a height board. Mid-upper arm cir-
cumference (MUAC) and triceps skin fold thickness (TSFT) were deter-
mined using a tape measure and a Harpenden caliper, respectively. Body
mass index (BMI), arm muscle area (AMA), and arm fat area (AFA) were
calculated using the following formulas: weight (kg)/(height [m])2,
[MUAC � (TSFT � �)]2/(4 � �), and [MUAC2/(4 � �)] � AMA,
respectively (16).

Venous blood samples were obtained for HIV testing, determination
of CD4 count, and genotyping. HIV status was determined in parallel
using two tests: SD Bioline HIV-1/2 3.0 (Standard Diagnostics Inc., Kyo-
nggi-do, South Korea) and Determine HIV-1/HIV-2 (Inverness Medical
Innovations Inc., Delaware, USA). HIV coinfection was diagnosed if both
tests gave a positive result, and an HIV-negative diagnosis was made if
both tests gave a negative result. Indeterminate results were resolved using
enzyme-linked immunosorbent assay (ELISA) (Organon Uniform II; Or-
ganon Teknika Ltd., Boxtel, Netherlands). Blood for CD4 quantification
was drawn into 5-ml EDTA tubes, and CD4 count was then determined as
cells/�l using a Coulter Epics XL-MCL flow cytometer (Beckman Coulter,
Brea, CA).

Measurement of plasma levels of rifampin. A pharmacokinetic (PK)
profile was obtained on two occasions: the first around 7 � 2 days after
initiation of anti-TB therapy (except for 4 patients who were sampled
between days 10 and 14) and the second around 56 days (the majority of
patients were sampled on day 60, while on continuation phase). Partici-
pants did not eat or take any supplement overnight before the day of the
pharmacokinetic evaluation and until 4 h after the intake of anti-TB med-
ication, at which time they were offered a standardized meal. Venous
blood for rifampin concentration measurements was drawn in lithium
heparin tubes at 2, 4, and 6 h postdose. Plasma was immediately separated
by centrifugation (3,000 rpm for 10 min), and aliquots were frozen within
30 min at �80°C until they were transported on dry ice to the Division of
Clinical Pharmacology, University of Cape Town (UCT), Cape Town,

South Africa. Rifampin plasma levels were determined using a validated
tandem mass spectrometry– high-performance liquid chromatography
(LC-MS/MS) method developed at the same site. An AB Sciex API mass
spectrometer was operated at unit resolution in the multiple-reaction
monitoring (MRM) mode, monitoring the transition of the protonated
molecular ions at m/z 823.4 to the product ions at m/z 791.4 for rifampin
and the protonated molecular ions at m/z 826.5 to the product ions at m/z
794.4 for the internal standard. The assay was validated over the concen-
tration range of 0.117 to 30 �g/ml. During interday sample analysis, the
accuracies (% Nom) for rifampin were 99.2%, 98.1%, and 99.4% at the
low, medium, and high quality control (QC) levels, respectively. The level
of precision had a percent coefficient of variation (%CV) of less than 3%
at low, medium, and high QC levels. Rifampin concentrations of �0.117
�g/ml were reported as below the limit of quantification (BLQ).

Human gene analyses. Genomic DNA was isolated from whole blood
using the QIAamp DNA minikit obtained from Qiagen GmbH, Hilden,
Germany. Genotyping was carried out at the Statens Serum Institut, Co-
penhagen, Denmark. Single nucleotide polymorphisms (SNPs) of the
transporter gene (SLCO1B1) were detected by TaqMan real-time PCR. An
annealing temperature of 60°C was used in all PCRs. The PCR products
were sequenced using BigDye Terminator v1.1 cycle resequencing (ABI)
and analyzed on an ABI 3730 DNA analyzer. Primer sequences are avail-
able on request. The resulting sequences were compared to NCBI acces-
sion no. NG_011745 (SLCO1B1) using Sequencher 5.0 software (Gene
Codes, Ann Arbor, MI, USA). The resulting SLCO1B1 sequences were
annotated for SNP rs4149032 (NG_011741: g.38664C�T).

Pharmacokinetics and statistical analysis. A nonlinear mixed-
effect model was employed to interpret the data and implemented in
NONMEM 7.2 (17) using first-order conditional estimation with ETA-
EPS interaction. A previously published model for rifampin pharmacoki-
netics (18) was used as a starting point for the structural model— one-
compartment kinetics with first-order elimination and transit
compartment absorption (19)—and the statistical model was optimized,
including between-subject and between-occasion random effects sup-
ported by the current data and assumed to follow a log-normal distribu-
tion. Allometric scaling with either total body weight (WT) or fat-free
mass (FFM) was applied to clearance (CL) and volume of distribution (V),
as advocated in reference 20, and the effect of other covariates was tested
and included in the model based on significant decreases in the value of
the objective function value (OFV) and physiological plausibility. Cova-
riates tested while investigating effects on pharmacokinetic parameters
were HIV coinfection, nutritional supplementation, age, sex, CD4 count,
BMI, daily weight-adjusted dose, time on TB treatment, and SLCO1B1
rs4149032 genotype. The effect of “time on TB treatment” on rifampin
clearance autoinduction was captured using an exponential model based
on a previous report (21) using the equation:

CL � CLday0 � �CLSS � CLday0� · �1 � e
� log(2)

t1⁄2
t� (1)

where CLday0 and CLSS are the values of CL on the first day of treatment
and the end of the induction, respectively; t1/2 is the induction half-life;
and t is the time on treatment in days.

A combined additive and proportional error model was used for the
residual unexplained variability in the data, and BLQ data were handled
similarly to the M6 method proposed in reference 22, imputing a lower
limit of quantification (LLOQ/2) with the difference that only a large
additive error was used for the BLQ samples, in order to minimize the
impact of the imputation on the fit and on the estimates of the error
structure of the measurements above the LLOQ. The OFV, goodness-of-
fit plots, and visual predictive checks guided model development. The
robustness of the final parameter estimates was assessed with a nonpara-
metric bootstrap.

RESULTS

Of 469 screened patients, 100 met the inclusion criteria and were
enrolled and randomized to nutritional supplementation or not
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and followed for 2 months (Fig. 1). Baseline characteristics of the
100 patients are shown in Table 1. The median (interquartile
range [IQR]) age was 35 (29.5; 40.0) years, the median BMI was
18.8 (17.3; 19.8) kg/m2, and 58% of patients were male. There
were no differences in baseline characteristics across the random-

ized groups. During follow-up, 3 patients died and 3 defaulted on
the standard arm while only 1 died and 1 defaulted on the inter-
vention arm. The organic anion-transporting polypeptide en-
coded by SLCO1B1 rs149032 responsible for hepatic drug dispo-
sition, which has been associated with lower rifampin exposure,

FIG 1 Flow chart for pulmonary TB-positive patients randomized to receive a nutritional supplement or no supplement and followed for the effects of
nutritional supplementation on rifampin exposure at the end of the second month of the intensive phase of treatment.

TABLE 1 Comparison of baseline characteristics among 100 sputum-positive TB patients starting treatment randomized to nutritional
supplementsa

Characteristic

HIV uninfected HIV coinfected

Not supplemented
(n 	 25)

Supplemented
(n 	 25)

Not supplemented
(n 	 24)

Supplemented
(n 	 26)

Median age (IQR), yr 30 (27; 36) 33 (30; 40) 36 (32; 40) 36 (32; 45)
Male sex, no. (%) 16 (64.0) 14 (56.0) 14 (58.3) 14 (53.8)
Current smoker, no. (%) 6 (25.0) 10 (40.0) 7 (29.2) 6 (23.1)
Drink alcohol (any vs none), no. (%) 13 (52.0) 8 (32.0) 14 (60.9) 16 (61.5)
TB treatment adherence of �95%, no. (%) 3 (12.0) 1 (4.0) 3 (14.3) 1 (3.9)
Median wt at day 0 (IQR), kg 52 (44.6; 58.8) 50.7 (48.2; 57.7) 51.9 (49.2; 56.1) 52.3 (49.9; 56.6)
Median wt at 2 mo (IQR), kg 55.4 (45.3; 62.9) 53 (51.0; 60.1) 54.8 (51.0; 59.8) 55.1 (49.4; 59.8)
Median BMI (IQR), kg/m2 18.6 (17.3; 19.6) 18.0 (16.9; 19.7) 18.8 (17.4; 20.1) 19.4 (18.3; 20.5)
Median AFA (IQR), cm2 4.7 (3.9; 6.1) 4.8 (5.5; 7.8) 4.9 (3.8; 7.7) 5.9 (4.6; 8.5)
Median AMA (IQR), cm2 41.2 (32.6; 46.6) 38.2 (33.2; 47.2) 39.2 (35.2; 41.5) 43.3 (35.1; 47.7)
Median CD4 countb (IQR), cells/�l 637 (433; 812) 611 (457; 726) 168 (64; 338) 243.5 (140.5; 337.5)

SLCO1B1 rs4149032 genotype, no. (%)b

CC 1 (4.2) 2 (8.0) 1 (4.2) 2 (8.0)
CT 10 (41.7) 13 (60.0) 13 (54.2) 11 (44.0)
TT 13 (54.2) 10 (40.0) 10 (41.7) 12 (48.0)

a Abbreviations: BMI, body mass index; AFA, arm fat area; AMA, arm muscle area; IQR, interquartile range.
b The number of observations does not sum to 100 due to missing values.

Jeremiah et al.

3470 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


was identified in 98 (98%) of the patients, of whom 6.0% were
wild type (CC), 46% were heterozygous (CT), and 48.0% were
homozygous (TT).

In this study, the overall mean weight gain at the end of the
intensive phase was 2.52 kg (P � 0.01). Among HIV-coinfected
patients, mean weight gain was 2.4 kg for the group that received
the supplementation and 1.8 kg for the unsupplemented group
(P 	 0.74). All but one patient sputum culture converted at the
end of the intensive phase.

Population pharmacokinetic model. A total of 574 rifampin
concentrations were available for analysis, and only one was BLQ.
The population pharmacokinetic final parameter estimates are
shown in Table 2, and a prediction-corrected visual predictive
check (pcVPC) (23) stratified by HIV status and nutritional sup-
plementation is provided in Fig. 2. The structural component of
the model was, as expected, a one-compartment, first-order ab-
sorption with transit compartment absorption. The model sup-
ported between-subject variability in clearance and between-oc-
casion variability in bioavailability, absorption rate constant (ka),
and mean absorption transit time (MTT). A negative correlation
term between bioavailability and MTT was also found to be sig-
nificant and was included in the model.

The best size predictor for allometric scaling of both CL and V
was FFM, and CL was found to increase between the two occa-

sions, due to autoinduction. This was described using an expo-
nential increase model, with the half-life of the induction process
fixed to 6 days, as previously reported (21). The current data did
not allow proper characterization of this parameter, since PK pro-
files were mostly available around either day 7 or day 56, but a
sensitivity analysis confirmed the small impact of this choice on
the value of the other model parameters. Moreover, the model was
parameterized to provide the typical values of CL on day 7 (CLday7,
13.9 liters/h) and when the steady state of the autoinduction was
reached (CLSS, 16.6 liters/h). The model also identified increased
bioavailability (
14%) for the patients who had already started
the continuation phase on the second occasion sampled after day
56 of 2 months of treatment (Table 2).

After correcting for the above-mentioned effects and using the
HIV-uninfected unsupplemented group as a reference, the model
shows that bioavailability in HIV-coinfected patients without
supplementation was 21.8% (90% confidence interval [CI],
�31.5%; �10.3%) lower. In HIV-coinfected TB patients receiv-
ing supplementation, the reduction in bioavailability was only
13.3% (90% CI, �22.1%; �2.1%). Among HIV-uninfected pa-
tients, nutritional supplementation was not found to have any
significant effect on bioavailability or CL. Nutritional supplemen-
tation, regardless of HIV status, was found to increase the rate of
absorption (MTT, �27%, and ka, 
27%). None of the other co-
variates tested in the model (age, sex, CD4 count, BMI, total dose,
and SLCO1B1 rs4149032 genotype) were found to have a signifi-
cant effect the on pharmacokinetic parameters.

Based on these parameter values, the model was used to predict
the typical effect of nutritional supplementation and HIV coinfec-
tion on rifampin exposure (peak concentration [Cmax] and 0- to
24-h area under the concentration-time curve [AUC0 –24]). The
model was applied to a standard subject, a patient with 43 kg of
FFM, given 600 mg of rifampin daily and sampled on day 56 of
treatment while still in the intensive phase of treatment. The sim-
ulation was repeated 5,000 times for each of the four possible
scenarios: HIV coinfected, non-HIV infected, supplemented, and
unsupplemented. For HIV coinfection on supplementation, the
median Cmax and AUC0 –24 (90% range) were 6.4 (3.5; 11.2) �g/ml
and 31.6 (16.4; 60.3) �g · h/ml, respectively, compared to a Cmax of
5.6 (3.0; 9.9) �g/ml and an AUC0 –24 of 28.6 (15.0; 54.8) �g · h/ml
without supplementation. For no HIV coinfection, supplementa-
tion resulted in slightly higher median Cmax (7.4 �g/ml versus 7.1
�g/ml), but this difference is minimal, and no difference was pre-
dicted in AUC0 –24 (Table 3).

DISCUSSION

We undertook a randomized, controlled trial in order to evaluate
the effect of nutritional supplementation on rifampin pharmaco-
kinetics in pulmonary TB patients with or without HIV coinfec-
tion. We found that nutritional supplementation during the first 2
months of TB treatment had a positive effect on rifampin expo-
sure in HIV-coinfected patients, significantly mitigating the neg-
ative effect of HIV coinfection, which caused a 22% lower bio-
availability, a median Cmax of only 5.6 �g/ml, and an AUC0 –24 of
28.6 �g · h/ml. In fact, intake of nutritional supplementation di-
minished the decrease in bioavailability among HIV-coinfected
patients to 13.3% and thus attained higher rifampin exposure
(Cmax, 6.4 �g/ml, and AUC0 –24, 31.6 �g · h/ml). Moreover, the use
of supplementation per se, irrespective of HIV status, was found to
enhance absorption speed by 27%, thus slightly increasing Cmax.

TABLE 2 Rifampin pharmacokinetics parameter estimates among 100
newly diagnosed sputum-smear-positive TB patients

Parameter description or variability

Typical value

Estimate 90% CI

Description (abbreviation)
Clearance on day 7a (CLday7) (liters/h) 13.9 12.7; 15.0
Clearance at steady statea (CLSS) (liters/h) 16.5 15.0; 18.0
Induction half-life (t1/2) (days) 6 FIXED NAb

Vol of distribution (V) (liters) 55.8 51.4; 60.1
Absorption rate constant (ka) (1/h) 1.77 1.41; 2.34
Absorption mean transit time (MTT) (h) 1.50 1.35; 1.66
No. of absorption transit compartment (NN) 27.6 19.5; 46.7
Bioavailability (BIO) 1 FIXED NA
% change in bioavailability for HIV
, no

supplementation (
%)
�21.8 �31.5; �10.3

% change in bioavailability for HIV
, with
supplementation (
%)

�13.3 �22.1; �2.1

% change in patients during the continuation
phase of treatment (
%)

13.7 3.5; 23.8

% change in MTT (
%) and �ka (�%) in
patients on supplementation

26.9 14.0; 41.6

Proportional error (%) 13.7 11.6; 15.7
Additive error (�g/ml) 0.0417 0.0147; 0.0994

Variability
Between-subject variability of clearance

(%CV)
24.0 18.3; 29.1

Between-occasion variability of absorption
rate constant (%CV)

67.6 51.8; 85.5

Between-occasion variability of mean transit
time (%CV)

34.0 25.1; 41.6

Between-occasion variability of
bioavailability (%CV)

31.1 25.7; 35.5

MTT-BIO correlation (%) �25.2 �44.7; 1.6
a Steady state was estimated to last about 30 days or more.
b NA, not applicable.
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These results offer an explanation for the beneficial effect of nu-
tritional supplementation reported previously in other studies
where enhanced clearance of bacteria, radiographic improve-
ment, and greater weight gain have been reported (24–26). In this
study, all patients had sputum culture converted with the excep-
tion of one patient at the end of the intensive phase; thus, we could
not determine the effect of supplementation on sputum culture

conversion at 2 months, as the study was not powered to detect it.
In addition, we did not determine culture between PK samplings,
and thus, we do not know whether supplementation had any role
in the overall time to sputum conversion.

HIV is known to target the small intestine, especially the gut-
associated lymphoid tissue, and HIV-mediated enteropathy is as-
sociated with malabsorption (27). Decrease in the functional ab-
sorptive area of the intestine has been associated with reduced TB
drug availability (28–31). The recovery mechanism whereby nu-
tritional supplementation may restore the pathophysiology and
immunological changes is not explained and warrants further
studies (26). Semba has suggested that nutritional supplementa-
tion may play a role in maintenance of intestinal mucosal epithelia
responsible for absorption (32). Lack of significant differences in
the effect of nutritional supplementation on rifampin exposure
among HIV-uninfected patients suggests that the effect of the in-
tervention in our study is mainly repair of an HIV-induced defect.
The model detected a larger bioavailability (
14%) during the
continuation phase of treatment. Most patients on the second PK
sampling occasion were on continuation phase, but the model
provided a better fit when “continuation phase,” rather than “sec-
ond PK occasion,” was used as a predictor in the fit.

This greater bioavailability could be explained by a formula-
tion effect, in that the continuation phase consists of only two
drugs (isoniazid and rifampin). Another possible explanation is
the recovery of the intestinal mucosa responsible for absorption
after 2 months of treatment.

FIG 2 Prediction-corrected visual predictive check (pcVPC) for rifampin concentration versus time, stratified by HIV status and use of nutritional supplemen-
tation. The circles represent the original data, and the dashed and solid lines are the 5th, 50th, and 95th percentiles of the original data, while the shaded areas are
the corresponding 95% confidence intervals, as predicted by the model.

TABLE 3 Predicted pharmacokinetic exposures for a typical patient
with or without HIV coinfection, randomized to nutritional
supplementationa

Group

Rifampin estimate parameter

Median Cmax
b

(90% range)
Median AUC0–24

c

(90% range)

HIV uninfected
Unsupplemented 7.1 (3.9; 12.6) 36.6 (19.1; 70.3)
Supplemented 7.4 (4.1; 12.9) 36.5 (19.1; 69.8)

HIV coinfected
Unsupplemented 5.6 (3.0; 9.9) 28.6 (15.0; 54.8)
Supplemented 6.4 (3.5; 11.2) 31.6 (16.4; 60.3)

a Model-predicted rifampin pharmacokinetics: values were obtained by simulating
(5,000 times for each group) the pharmacokinetic profile of a subject with 43 kg of fat-
free mass, receiving 600 mg of rifampin during the intensive phase of treatment, and
with the autoinduction of rifampin CL already at steady state.
b Cmax, peak plasma concentrations (�g/ml).
c AUC0 –24, steady-state area under the plasma drug concentration-time curve from
time zero to 24 h (�g · h/ml).
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Poor nutritional status is commonly seen among TB patients
and has been associated with unfavorable treatment outcome, as
reported in a study from Malawi (33). A complex set of interac-
tions between the host and the virulent infecting organisms alters
body metabolism and may result in patients wasting due to loss of
appetite, nutrient malabsorption, and increase of energy expendi-
ture (26, 34). The majority of our participants were moderately
wasted, and among unsupplemented patients, the HIV-coinfected
patients had lower rifampin Cmax and AUC0 –24 than did HIV-
uninfected patients. Low rifampin exposure among undernour-
ished TB HIV-coinfected patients has been reported previously; a
study by Polasa et al. assessing rifampin kinetics in undernour-
ished individuals shows that AUC and Cmax were reduced in un-
dernourished individuals compared to individuals with normal
BMI (9). McIlleron et al. also reported reduced rifampin exposure
among undernourished HIV-coinfected TB patients in studies
from South Africa (8, 35). A recent study from South Africa by
Pasipanodya et al. has also shown that serum drug concentrations
predicted clinical outcome in TB patients and that low rifampin
and isoniazid Cmax and AUC preceded therapy failure and occur-
rence of multidrug resistance or extremely drug-resistant TB (36).
The previously reported benefits associated with nutritional sup-
plementation (24–26) could be explained by the achievement of
higher drug concentrations, and the results presented here seem to
corroborate this hypothesis. We have no indication of increased
adverse events in the patients receiving the nutritional interven-
tion (data not presented). Therefore, this simple intervention
could be suggested in the management of HIV-coinfected, under-
weight TB patients at risk of poor treatment outcome.

In this study, we found no effect of SLCO1B1 genotype on
rifampin exposure. SLCO1B1 encodes a liver-specific transmem-
brane protein belonging to the solute carrier organic anion trans-
porter protein family 1B1. The protein is involved in hepatic up-
take of a number of drugs from the portal blood, including
rifampin, and polymorphisms in this gene have been suggested to
explain differences in drug levels. We found a high frequency of
SLCO1B1 rs4149032 polymorphisms in our study population,
comparable to that reported from other parts of Africa (37). Sur-
prisingly, SLCO1B1 genotypes were not found to affect drug ex-
posure in our study population. These results are in contrast to
those reported by Weiner et al. and Chigutsa et al., who have
reported that SLCO1B1 rs4149032 was associated with substan-
tially reduced rifampin exposure (37, 38). However, our results
are in line with those from a Chinese study (39). This suggests that
studies are warranted to further elucidate the effect of SLCO1B1
genotype on the pharmacokinetics of rifampin in different popu-
lations.

Study strengths and limitations. The study was well con-
ducted and based on a randomized controlled trial in a country in
which TB is highly endemic, the planned sample size was reached,
and the overall follow-up was good. The trial was conducted while
it was not mandatory that HIV-coinfected patients initiate ART
immediately after the HIV diagnosis, which reduced the chance of
ART and anti-TB drug interaction. A limitation of this trial is the
small number of time points for pharmacokinetic assessment,
thus limiting characterization of the absorption phase of the phar-
macokinetic curve. But, the use of nonlinear mixed-effect model-
ing managed nonetheless to detect significant differences among
the different cohorts. The study was not powered to assess the
outcome of TB treatment.

Conclusion. In summary, we demonstrated that among HIV-
coinfected TB patients, the use of nutritional supplementation
results in higher rifampin exposure, mitigating the detrimental
effect of HIV coinfection on rifampin drug levels. The SLCO1B1
genotype did not alter rifampin exposure in this population. The
use of defined nutritional supplementation for HIV-coinfected
TB patients should be considered in TB control programs if these
data are confirmed in other studies.
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